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Due to the extensive applications in the automotive and aerospace industries of Al–7Si–Mg casting alloys,
an understanding of their dendrite microstructural formation in three dimensions is of great importance
in order to control the desirable microstructure, so as to modify the performance of castings. For this rea-
son, a three-dimensional cellular automaton model (3-D CA) allowing for the prediction of dendrite
growth of ternary alloys is presented. The growth kinetics of the solid/liquid (S/L) interface is calculated
based on the solutal equilibrium approach. This proposed model introduces a modiﬁed decentered octa-
hedron algorithm for neighborhood tracking, in order to eliminate the effects of mesh dependency on
dendrite growth. The thermodynamic and kinetic data needed in the simulations are obtained through
coupling with the Pandat software package in combination with thermodynamic/kinetic/equilibrium
phase diagram calculation databases. The solute interactions between alloying elements are considered
in the model. The model was ﬁrst used to simulate the Al–7Si dendrite, followed by a validation using
theoretical predictions. The inﬂuence of Mg content on the dendrite growth dynamics and dendrite mor-
phologies was investigated. Also, the model was applied to Al–7Si–0.5Mg dendrite simulation both with
and without a consideration of solute interactions between the Si and Mg alloying elements and the
effects on dendrite growth process was analyzed using the simulation results. This model was ﬁnally
used in order to simulate the dendrite growth in different crystallographic orientations in an Al–7Si–
0.36Mg ternary alloy during polycrystalline solidiﬁcation, resulting in a predicted secondary dendrite
arm spacing (SDAS) and dendrite volume fraction data that show a reasonable agreement with experi-
mental results. The single dendrite and polycrystalline growth simulations effectively demonstrate the
capability of this model in predicting the three-dimensional dendrite microstructure of ternary alloys.
 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Due to an excellent combination of castability, high corrosion
resistance, and comprehensive mechanical properties, Al–Si cast-
ing alloys play an important role in the automotive and aerospace
industries as structural components [1–3]. The addition of small
amounts of the alloying element Mg into Al–Si alloys can alter their
solidiﬁcation behavior, and can induce signiﬁcant age-hardening
behavior through Mg2Si precipitates, and provides a good engi-
neering alloy [4]. The most widely used Al–Si alloys are the A356
and A357 alloys containing 0.3–0.7 wt% Mg and an as-cast
microstructure mainly comprised primary a-Al dendrite and
eutectic phase. It is generally accepted that the primary a-Al
dendrite microstructure features, such as morphology, size and
composition distribution are of great importance in determiningthe quality of the ﬁnal casting. Although extensive experimental
studies have been carried out on these features, most of the results
obtained have been limited to two-dimensions, as an investigation
of complex dendrite microstructure in three dimensions using
experimental approaches such as X-ray tomography is still a
challenge, due to the fact that they require extremely high quality
equipment and samples.
Advancements in computer technology in recent decades have
allowed the use of numerical modeling and simulation as powerful
tools for developing our understanding of dendrite formation dur-
ing solidiﬁcation [5–9]. Many efforts have been made to develop
numerical models for 3-D dendrite simulation; among these, 3-D
phase-ﬁeld (PF) models and 3-D cellular automaton (CA) models
are the most promising methods for describing 3-D dendrite fea-
tures comparable to those observed in experiment. Recently, sev-
eral studies have carried out for the comparisons for simulations
of dendrite growth between PF and CA models [10–12]. Phase ﬁeld
modeling is a powerful method that can precisely reproduce the
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through the introduction of a smooth transition variation in an
order parameter u, avoiding explicit tracking of the S/L interface
[13,14]. PF models have been successfully applied in order to quan-
titatively simulate three-dimensional dendrite growth, and the
dendrite morphologies and tip growth behavior were investigated
and showed a good agreement with theoretical predictions [15,16].
Although some techniques such as the parallel computing and
adaptive mesh reﬁnement methods have been developed in order
to enhance computational efﬁciency, 3-D dendrite growth simula-
tion using PF method is still a challenge, as it requires signiﬁcant
computational resources, especially when examining the case of
3-D polycrystalline solidiﬁcation processes. The cellular automaton
method is another computational approach that can reveal a wide
range of micro/meso-scale dendrite features, and has the advan-
tage of a larger mesh size and much higher computational efﬁ-
ciency compared with PF models, and so it is extensively used in
the investigation of dendrite growth [5]. In the last decade, there
have been attempts to develop 3-D CA models and algorithms for
use in dendrite growth simulation. A three-dimensional CA model
coupled with ﬁnite element (FE) in order to obtain the
non-uniform temperature ﬁeld, originally proposed by Rappaz
and Gandin [17], was developed to simulate grain growth during
solidiﬁcation. Lee and co-workers [6] developed a 3-D CA model
in order to simulate the dendrite growth of binary alloys based
on solute diffusion-controlled conditions, while neglecting the
inﬂuence of the anisotropy of interfacial energy. The effects of grid
anisotropy were eliminated using a decentered octahedron growth
technique, allowing the model to simulate dendrite growth in dif-
ferent crystallographic orientations. This model was later extended
in order to study ﬂuid motion effects on 3-D dendrite morphology
[18]. Yu and Xu [19] presented a mathematical model for 3-D den-
drite simulation, in which the different crystallographic orienta-
tions were generated through a continuous artiﬁcial correction of
capturing directions. Pan and Zhu [20] developed a 3-D sharp
interface model to simulate the dendrite growth of binary alloys,
based on the local solutal equilibrium approach used to calculate
the evolution of the S/L interface. In order to describe the speciﬁc
crystallographic orientation of dendrite growth in three dimen-
sions, the weight mean curvature (wmc) together with the effect
of the anisotropic surface energy was presented. Eshraghi et al.
[21] introduced a solute-driven 3-D dendrite growth CA model
using the lattice Boltzmann (LB) technique in order to calculate
the transport phenomena. Using this model, the effect of the aniso-
tropic surface energy on the dendrite growth kinetics and mor-
phologies was studied. In order to reduce the mesh induced
anisotropy caused by CA capture rules, a 3-D CA model coupled
with a limited neighbor solid fraction, referred to as the LNSE
method, was developed by Wei et al. [22], as this model was suit-
able for use in describing the solidiﬁcation of a pure substance. In
this model, two interface free energy anisotropy parameters were
employed in order to simulate the dendrite orientation selection.
Zhao et al. [23] developed a new tracking neighborhood rule for
simulating 3-D dendrite growth in different crystallographic
orientations, while the migration of the S/L interface is determined
using the phase transition driving force obtained from a
thermodynamic database. Zhang et al. [24] recently developed a
cellular automaton model for describing dendrite growth in
multi-component alloys in which the interactions between alloy-
ing elements were considered through a coupling of kinetic and
thermodynamic calculations.
Most of 3-D CA models mentioned above are conﬁned to
describing the single dendrite of binary alloys with well-deﬁned
crystallographic axes. In practice however, most commercial alloys
are multicomponent, containing three or more elements, and their
solidiﬁcation process involves complex polycrystalline growth indifferent crystallographic orientations. Hence, the existing work
on three-dimensional dendrite simulation of multicomponent
alloys is still far from satisfactory and further efforts are still
required. The objective of the present study is to investigate the
dendrite growth process of Al–7Si–Mg alloys by establishing a
3-D CA model for ternary alloys. The thermodynamic and kinetic
data needed to describe the dendrite growth are obtained using
the Pandat software package in combination with thermodyna
mic/kinetic/equilibrium phase diagram calculation databases
[25]. The evolution of the S/L interface is calculated based on the
local solutal equilibrium approach. In order to describe 3-D den-
drite growth in different crystallographic orientations, this model
adopts the modiﬁed decentered octahedron algorithm for neigh-
borhood tracking. The model was ﬁrst used to simulate binary den-
drite, and then it was validated by comparing the simulation
results with theoretical predictions, after which the model was
then used to simulate single dendrite and the polycrystalline
growth of Al–7Si–Mg alloys in three dimensions.
2. Model description and numerical algorithm
The ﬁrst solid phase of Al–7Si–Mg alloys precipitated from the
melt is that of a-Al dendrite, followed by (a-Al + Si) eutectic and
(a-Al + Si + Mg2Si). The dendrite microstructure evolutions of Al–
7Si–Mg alloys are simulated by the 3-D CA model. In order to sim-
ulate 3-D dendrite growth, a cubic calculation domain is uniformly
divided into an orthogonal arrangement of cubic cells, in which
each cell is characterized using variables such as temperature,
solute composition, solid fraction, and crystallographic orientation.
The calculation starts with all the cells in the liquid state, and the
solid seeds with randomly determined preferential growth orien-
tations are assigned in the domain. Since the local interface equi-
librium composition of an interfacial cell is larger than its actual
local liquid composition, in order to strive for equilibrium, part
of the liquid in the cell solidiﬁes to reject the redundant solute.
For the sake of simplicity, the temperature of the calculation
domain was assumed to be uniform.2.1. Solute distribution calculation including solute interaction
In order to describe mass transfer of Al–7Si–Mg ternary system,
the solute ﬁelds of Si and Mg need to be calculated separately.
Without considering natural and forced convection, solute diffu-
sion within the entire domain is calculated based on the following
equation
@w/i
@t
þr  Ji ¼ w/i ð1 kiÞ
@f S
@t
ð1Þ
where w is the composition with a superscript /, denoting the liq-
uid or solid phase, and a subscript i, denoting the alloying element
Si or Mg. ki is the composition and temperature dependent
equilibrium partition coefﬁcient which is obtained through cou-
pling with the data from equilibrium phase diagram calculation
databases. fS is the solid fraction. Ji is the diffusion ﬂux of element
i, given by the Fick–Onsager law as:
Ji ¼ 
X
j¼Si;Mg
D/ijrw/j ð2Þ
where D/ij is the solute diffusivity matrix for the phase /. Due to the
fact that Si and Mg atoms are substitutional, D/ij can be expressed as
[26]:
D/ij ¼
X
m¼Al;Si;Mg
dmi  x/i
 
x/mM
/
m
@l/m
@x/j
 @l
/
m
@x/Al
 !
ð3Þ
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is the atomic diffusion mobility of element m in the given phase /.
M/m can be determined from the experimental data by means of
the Einstein relation, Dm ¼ RTM (Dm is the tracer diffusivity of ele-
ment m), or can also be obtained using the kinetics database. dji is
the Kronecker delta, equal to 1 when j = i, otherwise dji = 0. The term
@l/m=@x/j corresponds to the thermodynamic factor and can be
obtained from the thermodynamic database.
By coupling the kinetic and thermodynamic calculations in the
Pandat databases, the diffusion matrix D/ij in Eq. (2) is obtained. In
order to overcome the problem of composition discontinuity at the
S/L interface that occurs when using Eq. (1), the solution proposed
in Ref. [8] is adopted.2.2. Growth kinetics and solid fraction calculation
It is assumed that local thermodynamic equilibrium exists at
the interface, caused by the inﬂuence of constitutional undercool-
ing and curvature undercooling, and so the interface equilibrium
temperature is characterized by the following equation neglecting
the kinetic undercooling
TðtÞ ¼ T liqL wLSi;wLMg
 
 DTC  DTR ð4Þ
where T liqL w
L
Si;w
L
Mg
 
is the liquidus temperature, obtained from the
multicomponent phase diagram at a given set of concentrations
(wLSi;w
L
Mg). DTC and DTR are the constitutional and curvature under-
cooling, respectively. In order to consider the inﬂuence of different
alloying elements on constitutional undercooling, a commonly used
method is to superpose the effects of each alloying element.
Therefore, the constitutional undercooling can be expressed as the
following:
DTC ¼ T liqL wLSi;wLMg
 
 T liqL wL

Si ;w
L
Mg
 

@T liqL w
L
Si;w
L
Mg
 
@wLSi
wLSi wL

Si
 
þ
@T liqL w
L
Si;w
L
Mg
 
@wLMg
wLMg wL

Mg
 
ð5Þ
where the term @T liqL w
L
Si;w
L
Mg
 
=@wLi (i refers to either Si or Mg) is
the slope of the liquidus surface with respect to the solute element
i (i.e.,mLi ) at the composition w
L
Si;w
L
Mg
 
. wL

i is the local equilibrium
composition at the interface, obtained through a calculation
described later in this work.
It is well known that in the case of three-dimensional dendrite
growth, the curvature undercooling DTR, can be related to the
weighted mean curvature (wmc), which is expressed as the follow-
ing [27]:
DTR ¼ 1DSF
X2
i¼1
cðnÞ þ @
2cðnÞ
@h2i
 !
 ji ð6Þ
where DSF is the melting entropy and j1, j2 are the two local prin-
cipal curvatures of the S/L surface. h1, h2 are the two standard spher-
ical angles of the interface normal, n, and c(n) is the anisotropic
surface energy function. It is complicated to quantify these two
principal curvatures and accurately determine their directions. In
order to simplify this expression and allow numerical computation,
it is assumed that these two principal curvatures are equal [24]. The
curvature undercooling can therefore be approximately expressed
as the following:DTR ¼ 1DSF  j
X2
i¼1
cðnÞ þ @
2cðnÞ
@h2i
 !
ð7Þ
The function describing the dependence of the surface energy on
the normal direction, n, in the case of cubic symmetry is given by
[28]:
cðnÞ¼ c0ð13eÞ 1þ
4e
13eðn
4
x þn4y þn4z Þ
 
¼ c0ð13eÞ 1þ
4e
13eðcos
4 h1þ sin4 h1ð12sin2 h2 cos2 h2Þ
 
ð8Þ
where c0 is the isotropic interfacial energy with an average Gibbs–
Thomson coefﬁcient given by C = c0/DSF, e is the strength of the
fourfold anisotropy, and nx, ny, nz are the components of the normal
unit vector n in Cartesian coordinates (i.e., n = nx~i + ny~j + nz~k).
ni ¼ @f s@i
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The interface curvature of a cell with a solid fraction, fS (where
0 < fS < 1), is approximated using the counting method in an expres-
sion given by the following [29]:
j ¼ 1
Dx
1 2 f S þ
XN
i¼1
f iS
 !
=ðN þ 1Þ
" #
ð9Þ
where Dx is the cell size, f is is the solid fraction of the neighboring
cells, and N is the total number of the ﬁrst layer neighboring cells,
which is equal to 26.
Assuming that on the length scale of an interfacial cell, the con-
centrations are uniform, and the solid and liquid are well mixed
with a local equilibrium [21], the lever rule can be adopted to cal-
culate the increment of the solid fraction. The solute conservation
of each solute element during each time step for the interfacial
cells yields the following deﬁning equation for solid fraction
variation
Df S ¼
wL

Si wLSi
wL

Si ð1 kSiÞ
¼ w
L
Mg wLMg
wL

Mgð1 kMgÞ
ð10Þ
Expressions for the analytical solutions of the interfacial equi-
librium concentrations wL

Si ;w
L
Mg
 
and DfS can be directly obtained
through a combination of Eqs. (4) and (10). In order to produce
small perturbations in the solid fraction evolution, DfS, calculated
using Eq. (10), the term (1 + 0.1  (1  f)) is introduced where f
is a random number between 0 and 2.
2.3. Algorithmic description of 3-D polycrystals with different
crystallographic orientations
In CA models, due to the inﬂuence of mesh-induced anisotropy,
the traditional capture process will result in dendrites tending to
grow along the mesh axis, independent of the original crystallo-
graphic orientation. In practice however, the growth orientations
of the dendrites in an undercooled melt vary from one to the other,
as shown in Fig. 1(a). In the present paper, in order to address the
issue of different crystallographic orientations for polycrystalline
growth in three dimensions, a space coordinate conversion algo-
rithm is adopted. As demonstrated in Fig. 1(a), every individual
dendrite is assigned to a local coordinate system (i.e., the x0, y0,
z0 axes in Fig. 1), which are chosen to be parallel to the [100] direc-
tions of the dendrite arm. Therefore, the relative coordinate con-
version from (x0,y0,z0) to (x,y,z) can be uniquely determined
using a rotation matrix (deﬁned as Rotate1, Rotate2, Rotate3) which
(b)(a)
x0
y0z0
[001]
[1
00
]
[01
0]
γ
β
α
z
y
x
Fig. 1. (a) Schematic diagram of the different growth orientations of various grains, and (b) the deﬁnition of new centers in neighboring cells using a rotation matrix for the
local coordinate system.
Table 1
Properties of the Al–7Si (wt%) binary alloys used in the following simulations.
Deﬁnition and symbols Values
Initial compositions w0Si (wt%) 7.0
Liquidus temperature T liqL ðw0SiÞ (K) 889.8
Liquidus slope mLSi (K wt%
1) 6.83
Partition coefﬁcient kSi 0.113
Gibbs–Thomson coefﬁcient C (K m) 2.4  107
Anisotropy coefﬁcient e 0.03
Liquid diffusion coefﬁcient DLSi (m
2 s1) 2.4  109
Solid diffusion coefﬁcient DSSi (m
2 s1) 1.5  1012
Time step dt (s) Dx2/6DLSi
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in Eqs. (11) and (12) and Fig. 1(b).
Rotate1 ¼
cos c  sin c 0
sin c cos c 0
0 0 1
0
B@
1
CA Rotate2 ¼
cos b 0 sinb
0 1 0
 sin b 0 cosb
0
B@
1
CA
Rotate3 ¼
1 0 0
0 cosa  sina
0 sina cosa
0
B@
1
CA
ð11Þ
x
y
z
0
B@
1
CA ¼ Rotate1  Rotate2  Rotate3
x0
y0
z0
0
B@
1
CA ð12Þ
The underlying capture approach here is similar to the 3-D
decentered octahedron growth technique. A misoriented grain
with the preferential angle (a,b,c) nucleates at the center and
the cell turns into interface and begins to grow into an octahedron
shape. At each time step, the evolution of the distance L(t) from the
center to the vertex of the octahedron is related to the increment of
the solid fraction DfS, and can be calculated based on the following
equation
Lðt þ DtÞ ¼ LðtÞ þ
ﬃﬃﬃ
2
p
Dx  Df S ð13Þ
Once the value L(t) has been calculated, the coordinates of the six
vertexes of the octahedron in the local coordinate system are known,
and their corresponding coordinates in the (x,y,z) coordinate system
can be easily obtained through coordinate conversion. Once the
octahedron grows sufﬁciently large and its vertexes touch any of
the neighboring liquid cells, the neighboring cell will then be
changed so as to be in the interface state, meanwhile it is assigned
to the same preferential orientation as that of the nuclei’. A new
octahedron is then generated for the new interfacial cell and it can
continue to growing along the same direction as that of the nuclei’.
2.4. Coupling with the Pandat software package
In the present model, the approach for microstructural simula-
tion of Al–7Si–Mg ternary alloys is used in conjunction with ther
modynamic/kinetic/equilibrium phase diagram calculation data-
bases in order to obtain the data required for the simulations
[25]. Due to the fact that the direct coupling approach exhibits verylow computational efﬁciency and issues with robustness, an opti-
mized table-look-up technique is adopted to provide access to
the data needed in the simulations. The atomic diffusion mobility
and thermodynamic factors needed for the calculation diffusion
matrix are obtained using thermodynamic and kinetic databases,
respectively, while the equilibrium phase diagram data, including
the liquidus temperature T liqL w
L
Si;w
L
Mg
 
, the partition coefﬁcients
(kSi, kMg) and the slope of the liquidus surface mLSi;m
L
Mg
 
as a func-
tion of liquid concentrations wLSi;w
L
Mg
 
are generated using
PanEngine, and the relevant liquid concentrations wLSi;w
L
Mg
 
are
stored with an uniform composition range of 0.01 wt%. For each
interfacial cell with given concentrations and temperature, the cor-
responding parameters can always be obtained.3. Results and discussion
3.1. Single dendrite morphologies of Al–7Si
Simulations were carried out in order to investigate the inﬂu-
ence of undercooling on dendrite morphologies and tip growth
velocity. The thermophysical parameters of the Al–7Si (wt%) alloy
used are presented in Table 1. The computational domain was
150  150  150 cells with a cell size of 2 lm, and a single solid
seed with an initial composition of kSiw0Si and a preferential crystal-
lographic orientation (0,0,0) parallel to the axis of the (x,y,z)
coordinate system was placed at the center of the domain.
No-ﬂux conditions were imposed at the boundaries of the
-16 -12 -8 -4 0 4 8 12 16
4
8
12
16
20
24
28
32
x (µm)
y 
(µ
m
)
y=0.1434x2-0.032x+5.973
 Fitted parabola 
Fig. 3. The ﬁtted parabola for the 3-D dendrite tip in Fig. 2(b4). The circles indicate
the S/L interface position near the dendrite tip, and the dashed line gives the ﬁtted
parabola.
94 R. Chen et al. / Computational Materials Science 105 (2015) 90–100calculation domain, which was described by @w/i =@n = 0. Various
constant undercooling values, DT (deﬁned as T liqL w
0
Si
  T in
which T⁄ is the constant temperature imposed on the calculation
domain), in the range between 2 K and 8 K were used to simulate
the dendrite growth. Fig. 2 shows the simulated dendrite mor-
phologies at different solidiﬁcation times, obtained using an
undercooling of 2 K and 6 K. It can be seen that at the initial solid-
iﬁcation stage, the dendrites subject to both undercooling condi-
tions steadily grew along the crystallographic orientation
without secondary dendrite arm formation. As solidiﬁcation pro-
ceeded, the dendrite subject to an undercooling of 6 K
(Fig. 2(b1)–(b4)) exhibited well-developed side branching. The sec-
ondary dendrite arms grew perpendicular to the primary arms, and
the initial secondary dendrite arm spacing, k2, that developed
immediately behind the primary dendrite tip had a random spac-
ing, whereas spacing increased with distance from the dendrite
tip as a result of the coarsening process. The dendrite tip morphol-
ogy characteristics, determined using the detailed numerical anal-
ysis of the wavelengths of instabilities along the sides of a dendrite
by Langer and Müller-Krumbhaar [30], followed the predicted scal-
ing law:
k2=R ¼ 2:1 0:03 ð14Þ
where R is the steady-state dendrite tip radius. In order to measure
the tip radius of the simulated dendrite, the parabola ﬁtting
approaches have been used [5], and the 3-D isosurface plot is
depicted for fS = 0.5. For DT = 6 K, the parabolic line is determined
to be y = 0.1434x2 + 0.032x + 5.973 as shown in Fig. 3, and the tip
radius is determined to be R = 3.49 lm. The secondary dendrite
arm spacing, k2, near the dendrite tip was found to be approxi-
mately 8.0 lm. Therefore, the value of k2/R is equal to 2.29, which
is close to the theoretical value obtained using Eq. (14). From
Fig. 2, it can also be observed that the dendrite subject to DT = 2 K
(Fig. 2(a1)–(a4)) exhibits a branchless needle shape during the
whole solidiﬁcation process, and so is consistent with the fact that
a higher undercooling tends to lead to the appearance of side
branching.
In order to draw comparison with the predictions of the Lipton–
Glicksman–Kurz (LGK) analytical model, the steady-state tip
growth velocity under different undercooling has been measured.
The concepts to determine the steady growth velocities can be
found in Ref. [8]. Since the selection parameter r⁄ varies with theFig. 2. The evolution of dendrite morphologies subject to different undercooling
conditions, (a1–a4) DT = 2 K, from left to right, after 0.22 s, 0.89 s, 2.22 s, 4.17 s and
(b1–b4) DT = 6 K, from left to right, after 0.09 s, 0.40 s, 0.67 s, 0.98 s.anisotropy parameter e predicted by microsolvability theory,
according to the 3-D linearized solvability theory, the value of r⁄
for the 3-D dendrite is 0.085, corresponding to the value of
e = 0.03 used in the simulations. A comparison of the simulated
dendrite tip velocities with the values calculated using the LGK
model as a function of undercooling are shown in Fig. 4. Both sets
of model predictions followed the same trends and their values
appeared to give a reasonable agreement. As could be expected,
the tip velocity increased with increased undercooling.
3.2. Isothermal dendrite morphologies and solute distribution of Al–
7Si–xMg
Adding Mg to the Al–7Si casting alloy can signiﬁcantly improve
its mechanical properties, and it has been reported that Mg content
can affect the dendrite morphologies and, eutectic structure, as
well as their volume fractions [31]. Therefore, in order to investi-
gate the effect of different levels of Mg concentration on dendrite
growth, simulations were performed on a domain containing
150  150  150 cells with a cell size of 2 lm, and isothermal
solidiﬁcation was adopted at a constant temperature, T⁄ = 881 K.
In this section, the effect of interactions between alloying elements
was not taken into account and the diffusion coefﬁcients of Si and
Mg in the liquid were taken to be constants with the values
DLSi = 2.4  109 m2/s and, DLMg = 4.9  109 m2/s, respectively.
Fig. 5 depicts the simulated dendrite morphologies and the1 2 3 4 5 6 7 8 9
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Fig. 4. The steady-state dendrite tip velocity calculated using the present model
and the theoretical LGK model, as a function of undercooling.
Table 2
The steady-state dendrite tip velocity of Al–7Si–xMg alloys containing varying Mg
contents, at a temperature T⁄ = 881 K.
Concentration of Mg (wt%) Tip velocity (lm/s)
Al–7Si–0.5Mg 189
Al–7Si–1.0Mg 103
Al–7Si–1.5Mg 59
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Fig. 6. Si solute concentration proﬁles along the dendrite arm direction for Al–7Si–
xMg alloys containing varying Mg content, at a temperature T⁄ = 881 K.
R. Chen et al. / Computational Materials Science 105 (2015) 90–100 95distribution of the Si solute in a 2-D slice for Al–7Si–Mg alloys of a
varying Mg content. The dendrite clearly exhibited well-developed
side branching when Mg concentration was 0.5 wt% (Fig. 5(a)), and
as the Mg concentration increased to 1.0 wt%, the growth of sec-
ondary dendrite arms was constrained (Fig. 5(b)). When the Mg
content further increased to 1.5 wt%, the dendrite tended to a
branchless needle shape (Fig. 5(c)). A similar result for dendrite
morphology evolution was observed in the phase ﬁeld simulations
presented in Ref. [32]. This phenomenon can be explained as fol-
lows: according to the phase-diagram, an increase in Mg content
causes a signiﬁcant decrease in the equilibrium liquidus tempera-
ture Teq, and reduces the degree of the undercooling in front of the
dendrite, deﬁned as Teq – T⁄. The decreased undercooling slows
down the dendrite growth rate, as shown in Table 2, and causes
an enhancement in the interface stability, thus reducing the ten-
dency for side branching.
Since the diffusivity of solute is much smaller than the dendrite
growth velocity, the solute discharged from the newly solidiﬁed
solid phase can not sufﬁciently diffuse to the bulk liquid. It can
be clearly seen from Fig. 5 that the Si were piled up just ahead of
the dendrite interface as a result of solute redistribution, especially
in the regions between the secondary dendrite arms. As the solid-
iﬁcation process continued, the solute in these regions may have
become trapped between the solidiﬁed regions and resulted in
microsegregation. It can be noted from Fig. 5 that the Si concentra-
tion ﬁeld is clearly inﬂuenced by the amount of additional Mg. The
quantitative data on Si concentration, measured along the horizon-
tal dendrite arms from the center of the dendrite are given in Fig. 6.
It can be observed that the liquid concentration of Si at the inter-
face decreases as the Mg concentration increases, which can be
explained by the fact that an increase in Mg concentration causes
a decreases in the liquidus temperature, slowing down the den-
drite growth rate, and so more time is available for the diffusion
of the accumulated solute, leading to the lower tip concentration
shown in Fig. 6.3.3. Effect of interactions between alloying elements
In order to study the inﬂuence of solute interactions on dendrite
growth, a single equiaxed dendrite of the Al–7Si–0.5Mg alloy, solid-
iﬁed in an undercooled melt with a constant temperature of
T⁄ = 881 K has been simulated. The calculation domain was
200  200  200 cellswith a cell size of 2 lmand the diffusion coef-
ﬁcientDijwas obtained through couplingwith the Pandat databases.
Fig. 7 shows the diffusionmatrix in a 2-D slice, both for the diagonal
(DSiSi and DMgMg) and off-diagonal terms (DSiMg and DMgSi). It has
been found that in the liquid region, the diffusion coefﬁcients areFig. 5. Simulated dendrite morphologies and the distribution of the Si solute in Al–7Si–x
Al–7Si–0.5Mg, (b) Al–7Si–1.0Mg, (c) Al–7Si–1.5Mg.concentration dependent, and the off-diagonal terms are negative,
which implies an attractive interaction between the alloying
solutes. It can be seen that the values of the off-diagonal terms
(DSiMg and DMgSi) and diagonal term (DMgMg) at the interface are
smaller than those far from the interface, while the diagonal term
(DSiSi) at the interface is larger than thatwas foundatotherpositions.
Fig. 8 represents the diagonal diffusion coefﬁcients of the
Al–7Si–0.5Mg alloy, with varying concentrations of Si and Mg, at
the isothermal temperature of 881 K. It can be observed that the
diffusion coefﬁcient DMgMg decreases with increasing of Si and Mg.
In the case of the diffusion coefﬁcient DSiSi, there is an increase from
approximately 2.385  109 m2/s to 2.405  109 m2/s as the
amount of Si varies from 7 wt% to 8 wt%, while there is a decrease
from 2.385  109 m2/s to 2.380  109 m2/s with the increase in
Mg from 0.5 wt% to 0.8 wt%. It can therefore be observed that the
evolution of diffusion coefﬁcient DSiSi is more sensitive to
the changes in Si concentration and that explains the reason whyMg alloys containing varying Mg contents, at a constant temperature T⁄ = 881 K. (a)
Fig. 7. Concentration dependent diffusion matrix proﬁles for the Al–7Si–0.5Mg alloy, solidiﬁed at a constant temperature of 881 K. (a) DSiSi, (b) DSiMg, (c) DMgSi, (d) DMgMg.
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Fig. 8. Variation in the diagonal diffusion coefﬁcients DSiSi and DMgMg in the liquid as a function of concentration of Si and Mg at the isothermal temperature of 881 K. (a) Si
content varies from 7 wt% to 8 wt% while the Mg content is equal to 0.5 wt%. (b) Mg content varies from 0.5 wt% to 0.8 wt% while Si content is equal to 7 wt%.
96 R. Chen et al. / Computational Materials Science 105 (2015) 90–100the value ofDSiSi near the dendrite interface is larger than at position
far from the interface, as shown in Fig. 7(a).
In Fig. 7, the off-diagonal diffusion coefﬁcients are smaller than
those of the diagonal term by approximately one order of magni-
tude. In order to illustrate the inﬂuence of solute interaction on
dendrite growth, Fig. 9 shows a comparison of the solute concen-
trations at the dendrite tip in the liquid phase as a function of den-
drite growth time, both by considering and ignoring solute
interaction. It is interesting to note that the concentration of Si is
found to be slightly lower for the case that consider solute interac-
tion than those that ignore it, while in the case of Mg content, the
concentration at the dendrite tip is higher when considering of
solute interaction compared with the case without solute interac-
tion. A brief analysis of this phenomenon can be described as fol-
lows: attractive interactions tend to drive both of the Si and Mgelements toward the solid–liquid interface by the concentration
gradient of the other solute, slowing down the diffusion behavior
from the interface to the bulk liquid, which tends to make solute
concentration at the dendrite tip higher when considering solute
interaction. The higher solute concentration at the dendrite tip
when considering solute interaction leads to a decrease in the
undercooling and a further decrease in the tip growth velocity.
Through measuring the average growth velocity during a solidiﬁ-
cation time from 0.2 to 0.7 s, the value when considering solute
interaction is found to be 183 lm/s, whereas solute interaction is
ignored, it is 191 lm/s. The lower growth velocity occurring when
the effect of solute interaction is taken into consideration allows
more time for the solute in front of the dendrite to diffuse. As
the Si content is much higher than Mg in the Al–7Si–0.5Mg alloy,
the contribution of the cross diffusion term (DSiMg) to the Si solute
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Fig. 9. Steady state concentrations of Si and Mg in front of the dendrite tip, varying
with the solidiﬁcation time both with and without consideration of off-diagonal
terms in the diffusion matrix.
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to the distribution of the Mg solute. Both of the reasons result in
the difference in the solute distribution behavior between Si and
Mg observed in Fig. 9.3.4. Application to polycrystalline growth
Since most practical industrial casting processes of Al–7Si–Mg
casting alloys involve equiaxed polycrystalline growth in random
crystallographic orientations, and the majority of cooling rates
are at no more than 20 K/s, this case was also simulated using
the present model for Al–7Si–0.36Mg (wt%) alloy. SimulationsFig. 10. Simulated multigrain solidiﬁcation of an Al–7Si–0.36Mg alloy at a constant coo
different grains. (a1) fS = 2%, t = 1.98 s, (a2) fS = 21%, t = 3.47 s, (a3) fS = 44%, t = 9.42 s. (b1)
of the references to colour in this ﬁgure legend, the reader is referred to the web versiowere performed on a domain with a size of 1  1  1 mm3, and
various constant cooling rates between 0.5 K/s and 10 K/s were
applied. The temperature was assumed to be uniform in the
domain and was cooled down from the liquid temperature (i.e.,
Tliq = 887.7 K), and as soon as the eutectic temperature (i.e.,
Te = 847.4 K obtained from Pandat software) was reached during
solidiﬁcation, simulation was terminated. Without considering
the inﬂuence of grain density on dendrite growth, it was assumed
that the total nuclei number was equal to 60 in all simulation
cases, with randomly assigned preferential growth orientations.
Fig. 10 represents the simulated evolution of polycrystalline
growth of the ternary Al–7Si–0.36Mg alloy at the cooling rates of
2 K/s and 5 K/s, respectively. It can be observed that at the begin-
ning of the solidiﬁcation process, primary dendrite arms steadily
develop along the crystallographic orientations and the dendrite
morphology is presented as having sixfold symmetry (Fig. 10(a1)
and (b1)). As the solidiﬁcation process, with the growth and coars-
ening of primary trunks, it is accompanied by side branching and
the collision of dendrites, hindering the dendrite free growth
(Fig. 10(a2) and (b2)). At the end of solidiﬁcation, dendrite growth
is signiﬁcantly affected by the interaction between solute ﬁelds
and the surrounding dendrites, forcing the dendrites to grow along
the directions deviating from their initial crystallographic orienta-
tions, resulting in the complicated dendrite morphologies shown in
Fig. 10(a3) and (b3). This appearance of the single dendrite mor-
phology obtained from polycrystalline simulations is similar to
that of the experimental results, as shown in Fig. 11, in terms of
the complexity of the dendrite morphologies. According to the
analysis of Wang et al. [33], based on phase ﬁeld simulation and
3-D X-ray tomography experimental observations of a-Mgling rate of 2 K/s for (a1–a3) and 5 K/s for (b1–b3). The different colors represent
fS = 3%, t = 1.49 s, (b2) fS = 24%, t = 2.48 s, (b3) fS = 52%, t = 6.44 s. (For interpretation
n of this article.)
Fig. 11. SEM image showing the complicated dendrite structure observed in
experiments of Al–7Si–0.36Mg casting alloy.
98 R. Chen et al. / Computational Materials Science 105 (2015) 90–100dendrites subject to polycrystalline solidiﬁcation, the complex
dendrite structure of polycrystalline solidiﬁcation is believed to
be mainly attributed to its grain density, distribution, inherently
preferred growth directions, and its complex and varying anisotro-
pies, as well as interactions with adjacent dendrites.
Fig. 12 describes the two dimensional transverse section den-
drite morphologies across the center of the calculation domain at
cooling rates of 2 K/s and 5 K/s, together with the experimentally
obtained metallographic microstructures at cooling rates of
1.75 K/s and 6.25 K/s. It can be observed that the microstructureFig. 12. Simulated and experimentally obtained metallographical microstructures a
experimental, Rc = 1.75 K/s, (d) experimental, Rc = 6.25 K/s. (Rc: average cooling rate).was reﬁned as the cooling rate increased. The scale of the
microstructures subject to different cooling conditions were ana-
lyzed by measuring the secondary dendrite arm spacing (SDAS),
which exerts a marked inﬂuence on the mechanical properties of
castings. From Fig. 13, which describes the SDAS as a function of
cooling rate, it can be observed that SDAS decreases as the cooling
rate increases, and that the formula ﬁtted according to the simu-
lated results, i.e., SDAS = 40.5Rc0.31, is in agreement with the
results reported in Ref. [34]. Those ﬁndings indicated that the
SDAS in A356/A357 alloys ﬁtted well with the empirical equation,
i.e., SDAS = 39.4Rc0.317, thus proving the reliability of the present
model in predicting SDAS. In addition to the SDAS, a variation in
the cooling rate also affects the volume fraction of a-Al dendrite.
Fig. 14 shows the simulated variation of dendrite volume fraction
as a function of cooling rate. It should be noted that the eutectic
point shifting, i.e., the eutectic undercooling, was not considered
in the model. For this reason, we can conclude that the predicted
value shown in Fig. 14 is a slight undervaluation. According to
the evolution of the predicted amounts of a-Al dendrite shown in
Fig. 12, one can observe that increasing the cooling rate signiﬁ-
cantly decreases the amount of a-Al dendrite present in the range
of slow cooling, while in the range between 2 K/s and 10 K/s, the
volume fraction increases slightly. This phenomenon was also
found in recent experimental observations on Al–Cu alloys [35].
It is commonly accepted that higher cooling rates allow less time
for diffusion and the creation of ﬁner microstructure, i.e., a larger
area of solid/liquid interface per unit volume, which is beneﬁcial
for reducing the extent of microsegregation by means of back dif-
fusion. Both of these would affect the degree of back diffusion, thust different cooling rates: (a) simulated, Rc = 2 K/s, (b) simulated, Rc = 5 K/s, (c)
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tion [35]. This implies that if the microstructure is sufﬁciently ﬁne
and the corresponding solute gradients are increased by the higher
cooling rates, back diffusion is so efﬁcient that it can decrease the
degree of microsegregation, thus increasing the volume fraction of
primary dendrites. Further supporting evidence of the effect of
ﬁner microstructure in increasing dendrite volume fraction is the
severe coarsening theory in the faster cooling case. According to
the investigation of Du et al. [36], a higher cooling rate produces
a much more obvious side branching and with the impinging,
ripening and coalescence between branches, leading to the pres-
ence of more core regions, indicated by the circles in Fig. 12, in
which solute enrichment might be higher than in other liquid
regions. The solute enrichment in the core regions might result
in a higher amount volume fraction of a-Al dendrite. In the case
of slow cooling conditions, i.e., Rc < 2 K/s given in Fig. 14, the
degree of microsegregation is lower, due to a longer solidiﬁcation
time and more time is available for the solute diffusion, resulting
in a higher volume fraction of the primary phase.4. Conclusion
In this paper, a three-dimensional cellular automaton model for
the prediction of ternary dendrite growth during solidiﬁcation pro-
cesses has been developed. The growth kinetics of the S/L interfa-
cial cells are determined from the difference between the localinterface equilibrium composition wL

i
 
and the local actual liquid
composition wLi
 
using an efﬁcient calculation method. The solute
interactions between various alloying elements are considered in
the model. In the case of polycrystalline solidiﬁcation in various
crystallographic orientations, the modiﬁed decentered octahedron
algorithm for neighborhood tracking has been applied in order to
eliminate the inﬂuence of mesh-induced anisotropy on dendrite
growth. The model is coupled with thermodynamic/kinetic/equili
brium phase diagram calculation databases incorporated in the
Pandat software package using an optimized table-look-up
strategy.
The proposed model was applied to simulate the dendrite
growth of Al–Si binary and Al–7Si–Mg ternary alloys. Detailed
model validations were performed, with the simulated
steady-state tip parameters being in good agreement with the
LGK predictions and the wavelength of instabilities theory. The
dynamics and dendrite morphologies of Al–7Si–xMg ternary alloys
containing different amounts of Mg under isothermal solidiﬁcation
were investigated. It was found that an increase in Mg content can
weaken the ability of the dendrite to exhibit side branching, due to
a signiﬁcant decrease of the equilibrium liquidus temperature,
reducing the degree of undercooling and slowing down the growth
velocity. The proposed model was also applied to Al–7Si–0.5Mg
dendrite simulation, both with and without consideration of solute
interaction between Si and Mg alloying elements, and the effects
on dendrite growth process have been analyzed.
Finally, the developed model was applied to simulation of poly-
crystalline growth in different crystallographic orientations for an
Al–7Si–0.36Mg ternary alloy, with the simulated SDAS data
obtained from arbitrarily cross sections showing a reasonable
agreement with empirical calculations. The dendrite volume frac-
tion was also predicted and the effect of the cooling rate on den-
drite volume fraction was analyzed using the back diffusion and
coarsening theory. The simulation results indicate that the pro-
posed model is able to reproduce a wide range of complex dendrite
growth phenomena such as side branching in dendrite morpholo-
gies, coarsening of dendrite arms, as well as interactions among
neighboring dendrites.
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